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Abstract 
Wi model radon Bntry into basements using a previous
ly deve/,oped three-dimensional steady-state finite dif
ference model that has been mDdijied in the following 
ways: fest, cylindrical coordinates are used to take ad
vantage of the symmetry of the problem in the horizon
tal plane, thereby increasing resolution and computing 
efficiency without significant /,oss of generality; second, 
the configuration of the basement has been made mere 
realistic by incorporating the concrete footer which su~ 
ports the basement walls and floor; third, a quadratic 
relationship between the pressure and flow in the L
$haped gap between slab, footer, and wall has been em
ployed; and fourth, the natural convection of the soil 
gas which follows from the heating of the basement in 
winter has been taken into account. 17ze temperature 
field in the soil is detennined from the equation of ener
gy conservation, using the basement, surf ace, and 
deep-soil temperatures as boundary conditions. The 
pressure field is determined from Darcy's law and the 
equation of mass conservation (continuity), assuming 
that th.ere is no flow across any boundary except the 
s011 surface (atmospheric pressure) and the opening in 
the basement shell (fixed pressure). Since the energy 
conservation equation includes both heat advection and 
conduction, the temperature and pressure equations 
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must be cuupkd, After the pressure and umperature 
fields have been ohtain£d, the velocity feld is found 
from Darcy's law. Finally, the radon concerr.tral.Wn 
field is found from the equation of mass-trarzsport, as
suming that diffusive emry through opening1 Mil)' be 
neglected. The convective radon entty rt11e tltr(}Ufh t1Je 
opening or openincs is thm caiculaud. In this JNllW 
we describe the modified "1JHkl, compare the prediaed 
radon entry rates wilh and witlwul the conW:ier~tion of 
thermal convection, and compare !he predicted raies 
with raus determined from data /ntm sever: houses in 
the S pokan£ River valley of Washington and f daJw. 
Althuugh the predicted rate is much knuer than the 
mean of the raus derermined from 11WISUremettts, er
rors in the measurement of soil permeability and varia
tions in the permeahility of the area immediately under 
the basement slab, which has a significatu infi~e on 
the pressure field, can account for the range of entry 
razes inferred from the data. 

Introduction 
The primary source of radon in houses with 
high indoor concentrations is, in most cases, 
the surrounding soil; the primary means of 
entry is generally the passage of soil-gas 
through cracks or other gaps in the building 
shell (Nero, 1988) or through permeable 
sub-surface walls (Garbesi and Sextro, 1990). 
In houses with basements, for which the 
length of the soil-gas path from soil surface 
to entry point may be long and the porc
space radon concentration consequently ele
vated, radon entry rates may be particularly 
high. The soil-gas flow rate is primarily de
pendent on the permeability of the soil, on 
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the nature of openings in the building shell, 
and on the degree of basement depressuriza
tion. The radon concentration in the soil is 
dependent on the soil gas velocity, the radi
um content, porosity, density, and emanating 
fraction of the soil, the diffusivity of radon in 
the soil, and the depth. 

A model amenable to closed-form solu
tions can provide only a crude representation 
of the problem. One such model is described 
by Mowris and Fisk (1987) and by Nazaroff 
(1988b ). A linear crack in the basement slab 
is represented in bipolar coordinates by a cy
linder embedded in a homogeneous semi-in
finite medium; the soil surface is represented 
by a plane parallel to the axis of the cylinder. 
The basement itself is not modelled. Darcy's 
law and the continuity equation, which 
together describe soil-gas transport, reduce 
to the Laplace equation for the pressure 
field; this equation has a series solution. The 
mass-transport equation without diffusion 
may then be solved for the radon concentra
tion field, assuming a fixed concentration at 
infinite radius, and the two solutions com
bined to give the radon entry rate at the cy
linder. This model gives an indication of the 
dependence of the entry rate on basement 
pressure and soil permeability when the soil 
is homogeneous, but it cannot represent the 
basement-soil boundary colTectly, nor can it 
deal with inhomogeneous soils. 

Recognition of the limitations of closed
fonn models has led to the development of 
numerical models, such as the two-dimen
sional models of Dimbylow (1987) and of 
Mowris and Fisk (1987), and the three-di
mensional model of Loureiro (1987) and 
Loureiro et al. (1990), which are able to deal 
with irregular boundaries and arbitrary 
boundary conditions. Here, steady-state solu
tions of the generalized Laplace equation 
and the mass-transport equation are given in 
Cartesian coordinates for a region compris
ing a quadrant of a basement and a block of 
soil large enough that a further increase in 
size produces an insignificant change in the 

soil-gas and radon entry rates. The basement 
walls and slab and the outer limits of the soil 
block are treated as no-flow boundaries, 
while the soil surface is a boundary at atmo
spheric pressure and zero radon concentra
tion. In the Loureiro model, the pressure, 
soil-gas velocity, and radon concentration in 
peripheral gaps (of rectangular cross-section) 
in the basement slab are modelled analytical
ly and the results adjusted to match those of 
the numerical solution at the soil-gap inter
face. The variability of the soil characteristics 
is essentially unlimited, although variation 
on a fine scale may lead to an excessively 
large number of control volumes, long solu
tion times, and large computing costs. 

In this paper, we describe a steady-state 
numerical model based on that of Loureiro, 
but one that takes advantage of the sym
metry of the problem in the horizontal plane 
by using cylindrical coordinates. There is a 
loss of generality in that only central and 
peripheral openings in the basement shell 
can be modelled, but these are, in fact, the 
only types considered in earlier work. The 
model has also been modified so that the 
concrete footer that normally supports the 
wall and slab is included, giving the slab-foo
ter-wall gap an L-shape. The boundary con· 
ditions at the soil-gap interface have been al· 
tered in order to take mis shape into consid
eration. This gap, which is considered to be 
an important source of indoor radon in 
many houses, is the only opening in the 
building shell discussed in detail in this 
paper; for a description of models with 
alternative or additional openings, see ~ 
zan and Fisk (1990) and Garbesi and SCXDO 
(1990). The Loureiro model neglects the cir
culation of soil gas which occurs in wintzr 
and is caused by the presence of a bead 
basement; we incorporate this circulatial 
into the model and demonstrate that buot.'. 
ancy forces acting on soil gas may be an ~ 
portant factor in radon entry. Finally, to VCft9 
fy the numerical model to the limited ~ 
possible, we compare the predictions of me 
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1110del for the soil of the Spokane River 
Valley of Washington and Idaho with data 
from seven houses in that area. The influ
ence of soil characteristics on radon entry is 
discussed in detail in Revzan (1990). 

The region to be modelled comprises the 
subsurface part of a basement and a block of 
the surrounding soil. Air is assumed to enter 
the basement solely through an L-shaped 
gap between the foundation footer, the slab, 
and the walls. (Gaps and cracks at other loca
tions are discussed in Revzan and Fisk, 
1990.) Assuming that the cross-section of the 
walls and gaps does not vary, the basement 
can be modelled as a cylinder with only the 
loss of comer effects, which will be shown to 
be unimportant. The region from which a 
house draws soil gas depends on the position 
of adjacent houses, the extent of their depres
surization, and the characteristics of the soil. 
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The exact boundaries of this region are likely 
to be important in particular cases, but in 
general, the soil block may be represented as 
well by a cylinder as by a box. The entire re
gion may therefore be modelled in cylindri
cal coordinates, which permits greater resol
ution, shorter solution time (with lower 
cost), or a combination of the two. A vertical 
cross-section of the region, with the dimen
sions used in this paper, is shown in Figure 1. 
A detail of the cross-section of the basement 
area, with the width of the gap greatly exag
gerated, is shown in Figure 2. In this paper, 
the gap width, w, is assumed co be 0.003 m 
and the thickness, t, to be 0.25 m. 

Fig. 1 Vertical cross-section of the region modelled; the 
shaded areas are the wall, slab, and footer. The boun
dary conditions for the temperature (T), disturbance 
pressure (p), and radon concentration (C) fields at the 
soil surface and ot the outer and lower soil boundaries 
are shown in the appropriate locations. The definition 
of the pressure p is also shown; P is the absolute pres· 
sure, ? A is the atmospheric pressure, p is the air density 
and p, is its value ol the lower soil boundary, g is the 
occelerotion of gravity, and z. is the vertical coordinate, 
token positive downward. 
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Fig. 2 Detail of the vertical cross-section of the region 
modelled. The widths of the slab-footer and slab-wall 
gaps are shown greatly exaggerated . The boundary 
conditions at the vertical and horizontal concrete sur
faces are given below the figure . For the temperature 
and concentration fields, the vertical boundary condi
tions also apply at the soil-gap interface; the boundary 
condition for the pressure ot the interface is shown just 
below the basement slob. Tb is the basement tempera
ture, ~Pb is the pressure difference between the base
ment and the outside, ~P9 is the pressure difference be
tween the basement and the soil-gap interface, p is the 
soil-gas (air) density generally, p, is the soil-gas density 
at the lower soil boundary, w is the gap width and t the 
gap thickness. The definition of the pressure p is given 
in the text and in Figure 1. 

The model comprises three differential 
equations. First, the temperature field in the 
soil is found from the steady-state energy 
conservation equation (assuming thermal 

equilibrium between the solid as gaseous 
phases of the soil [Bejan, 1984; Ene and Poli
sevski, 1987]), 

P~ V · [p(r, z)v(r, z)T(r, z)] = 

V · [ a(r, z)VT(r, z)] (J) 

where p0 is the density of air at 0 °C, T is me 
temperature, ex is the thermal diffusivity at~ 
C, and v is the soil-gas velocity. We assume, 
that ex = S:xl0·7 m2 s·1 throughout the · 
(Oke, 1987). The temperature is fixed at T, 
the outside of the basement, including 
soil-gap interface, at T0 at the soil 
("outside", z = 0), and at T, at the lower 
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~the soil (z = 12.1 m, Figure 1). The outer li-
't of che soil (r=lS.15 m, Figure 1) is pre

ed co represent the boundary between 
uvo houses, so that here there is no heat flow, 
;.e., che normal derivative of T must vanish. 
These boundary conditions are shown in 
figures 1 and 2. Since the soil-gas velocity is 
determined by the pressure and temperature 
fields, the heat-transfer and pressure equa-
tions must be coupled. In many cases of 
practical importance, however, heat advec
rion is negligible with respect to conduction, 
so that the left-hand side of Equation 1 may 
be set to zero and the temperature field de
termined independently of the pressure field. 
The circumstances under which heat advec
tion is significant will be described in the 
following section. 

Next, the pressure field is found from a 
generalization of Darcy's law, i.e., 

- k(r. z) [ A ] v(r, z) = --f;- p(r, z)gz-VP(r, z) (2) 

where k is the permeability of the soil, which 
is assumed to be isotropic, µ, the viscosity of 
air (1.8xl0·5 kg m·1 s·1), P the absolute pres
sure, p the density of air, g the acceleration of 
gravity, and i the unit vector in the z-direc
tion, taken positive downward. For tempera
tures of interest here, the dependence of p 
upon T is given by 

p(r, z) = PO [1-.BT(r, z)] (3) 

where T is in °C, p0 is the density of air at 
0 °C (1.293 kg m·3

), and 13 is the coefficient of 
thermal expansion, which is approximately 
equal to 1/273 °c-1

• For isothermal problems, 
it is customary to define a disturbance pres
sure by subtracting the atmospheric and sta
tic pressures from P. In our case, since the 
density of air varies with z, it is convenient 
to choose a reference density, which is arbi
trary, rather than to use the integral expres
sion for the static pressure. Boundary condi
tions are somewhat simplified if the refer
ence is either Pb, the density where T = Tb, 
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or p5' the density where T = T •. We choose 
the latter density and define the disturbance 
pressure, p, by the equation 

p(r, z) = P(r, z)-PA-P£Z (4) 

where PA is the aunospheric pressure, as
sumed constant in a steady-state model. 
Combining Equations 2, 3, and 4 gives 

V(r, z) = k(~ z) [p~[Ts-T(r, z)]Z-Vp(r, z)] (S) 

The first term on the right-hand side of this 
equation vanishes at the lower boundary of 
the soil, i.e., when T(r,z.) = T., so that the 
boundary condition here becomes simply a 
zero normal derivative. This convenience is 
the justification for the choice of p. as the re
ference density. 

The equation of conservation of mass 
(continuity) is 

V · [p(r, z)v(r, z)] = O (6) 

Combining Equations S and 6, we have the 
second equation of the model, i.e., 

V . { p(r, z)k (r, z) 

µ 

[ Vp (r, z) + p~[T(r, z)-TsJZ]} = 0 (7) 

This equation must be solved in conjunction 
with Equation 1 when thermal convection is 
significant. 

The boundaries for the solution of 
Equation 7 are the outer limit of the soil 
block in the r-direction, the soil surface and 
the lower limit of the soil block in the z-dir
ection, and either the inner or outer base
ment surfaces, including the opening. If the 
inner basement surface is c_hosen as a boun
dary, the entire gap between slab and footer 
and wall and footer must be included in the 
problem. The gap width is typically four or
ders of magnitude smaller than the· soil block 
size and the soil gas must change direction as 
it passes through the gap, so that. the control 
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volumes must be made very small in this re
gion. As a result, computation time is high 
In actual construction, moreover, the gap has 
irregular walls, so chat ir is not well repre
sented· by the model. Consequently, it is best 
to rake rhe boundaries of the problem to be 
rhe outside surfaces of the basement and 
footer, including rhe mouth (soil-gap inter
face) of the slab-footer gap, and to treat the 
question of rhe gap itself separately. With 
these boundaries, radon entry by diffusion 
through concrete is neglected; this subject 
has been treated by Zapalac (1983). The ques
tion of radon entry through permeable walls 
is also neglected here, although the model is 
capable of treating the subject with only 
slight modifications. Garbesi and Sextro 
(1990) discuss soil-gas entry through perme
able walls, bur do not deal with radon entry 
per se. 

Given these assumptions, the normal vel
ocity must vanish at all concrete surfaces and 
at the outer and lower limits of the soil and 
the pressure must be fixed at the soil surface 
and the soil-gap interface. At vertical con
crete surfaces and at the outer soil boundary, 
the vanishing of the normal velocity is equi
valent to a zero normal pressure derivative. 
At horizontal concrete surfaces and at the 
lower soil boundary, Equation 5 gives 

ap(r, zJ 
az -po.Bg[Ts-T(r, Zs)] = 0 (8) 

where z, is the position of the surface of 
interest. At the lower soil boundary, this 
equation reduces to a vanishing normal de
rivative of p. At the soil surface, z = 0, P = 
PA and Equation 4 gives the boundary con
dition p(r,O) = 0. The boundary conditions 
at the three soil boundaries are shown in 
Figure 1. 

The pressure at the soil-gap interface is 
determined by the basement pressure and 
the pressure drop across the gap. In winter, 
temperature differences between a house and 
the outside, the effect of wind, and the opera
tion of heating, ventilation, and air-con-

ditioning systems produce a basement pres
sure which is generally lower than PA 
(Feustel and Sherman, 1989; Sherman et al., 
1979; Revzan et al., 1988; Revzan, 1989). The 
difference between the pressure at the base
ment side of the slab-wall gap and PM correc
ted for the static pressure difference, is writ
ten as ~Pb. The pressure drop across the gap, 
~Pg, is determined from an algorithm due to 
Baker, et al. (1989): 

IL\? gl = 
1~ lvl + p(t5 t n) v2 (9) 

Here, t and w are, respectively, the thickness 
and width of the opening (see Figure 2), vis 
the average speed of air through the opening, 
i.e., the flow rate through the opening divi
ded by the area, and n is the number of 
bends in the opening. Assuming that the 
temperature is constant inside the gap, so 
tl1at there is no thermally-induced pressure 
difference between the basement and soil 
sides, the disturbance pressure at the soil-gap 
interface is then 

where rg is the radial coordinate of the soil 
side of the gap. The boundary conditions at 
the basement may be clarified by examining 
Figure 2. 

Having found a solution to Equation 7, we 
may determine the soil-gas velocity from 
Equation 5. The soil-gas entry rate, E,, is 
then given by 

Es = f v{r I!' z)· da(r II' z) (11) 
I 

where Cf is an element of the area of the soil
gap interface and I indicates an integral over 
the entire interface area. 

Finally, the radon concentration in the soil 
gas, C, is determined from ,;; 

V' · [v(r, z)C(r, z)] = V' · [D(r, z)VC(;,~~] 
ti 

- e(r, z) A.C(r, z) + e(r, z)S(r, z) .(12) 

where D is th~ 
soil, A. the rado 
iry of the soil, 1 

don into the so 
In this paper, 
homogeneous 1 

0.5 (Nazaroff, 
deal with spati: 
values of D, e, 1 

wet conditions. 
solution of Eqt 
for Equation 7 
face. At the so 
because radon 
typically high 
mosphere, the 
soil-surface c01 
feet on the res1 
try by diffusio 
compared to c 
the radon corn 
rhe gap .is eqm 
i.e., the norm: 
rhe soil-gap i 
may be made, 
side an openi1 
but the effect 
rate is negligit 
is high enoug 
concentratiom 
al., 1990). 

The radon 
from the soil : 
is given by 

s Coo=-
'A 

Since this paJ 
characteristics 
source strengt 
that results ; 
Previously de1 
tion to Equat: 
radon entry ra 



--
e a basement Pres. 
Y' lower than p 
~9; Shennan er a! A 

Revzan, 1989). Th~ 
essure at the base.. 
~ap and p A' correc. 
difference, is Writ
rop across the gap 
I algorithm due t~ 

!) 2 -v (9) 

•ely, the thickness 
>ee Figure 2), v is 
mgh the opening, 
:he opening divi
; the number of 
suming that the 
side the gap, so 
nduced pressure 
iement and soil 
re at the soil-gap 

inate of the soil 
ry conditions at 
:d by examining 

' Equation 7, we 
velocity from 

ttry rate, E,, is 

(11) 

lrea of the soil
:n integral over 

tion in the soil 

>(r, z) VC(r, z) J 
·r, z) (12) 

where D is the bulk diffusivity of radon in 
soil, A the radon decay constant, e the poros
ity of the soil, and S the rate of release of ra
don into the soil gas per unit volume of soil. 
In this paper, we assume that the soil is 
homogeneous with D = 10-6 m2 s-1 and e = 
0.5 (Nazaroff, 1988a). The model does not 
deal with spatial variations in soil moisture; 
values of D, e, and S may be chosen to reflect 
wet conditions. The boundary conditions for 
solution of Equation 12 are identical to those 
for Equation 7 except at the soil-gap inter
face. At the soil surface, we assume C = O; 
because radon concentrations in soil gas are 
typically high compared to those in the at
mosphere, the assumption of a non-zero 
soil-surface concentration has a negligible ef
fect on the result. We assume that radon en
try by diffusion through a gap is negligible 
compared to convective entry. In that case, 
the radon concentration immediately inside 
the gap is equal to that immediately outside, 
i.e., the normal derivative of C vanishes at 
the soil-gap interface. Other assumptions 
may be made, e.g., that the concentration in
side an opening has an exponential profile, 
but the effect on the calculated radon entry 
rate is negligible in situations where the rate 
is high enough to produce elevated indoor 
concentrations (Loureiro, 1987; Loureiro et 
al., 1990). 

The radon concentration at distances far 
from the soil surface and the basement, Coo, 
is given by 

s Coo=-
"-

(13) 

Since this paper does not deal with the soil 
characteristics that determine the radon 
source strength, we normalize C by Coo, so 
that results are independent of S. From 
previously determined velocities and a solu
tion to Equation 12, we find the normalized 
radon entry rate, E., from the equation 

Er = i 
00 

J C(r, z)v(r, z)-d<I(r, z) 
L 

(14) 
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E, has the dimensions of a volumetric flow 
rate, but must be distinguished from the 
soil-gas entry rate. Because the concentration 
at any opening is less than C .. , E, is always 
less than E,. 

The equations for the temperature, pres
sure, and concentration fields (1, 7, and 12) 
are each solved in the following manner. An 
irregular grid, similar to that of Loureiro 
(1987) divides the region into control vo
lumes, which may vary greatly in size, and 
the equation of interest is integrated over 
each of the volumes using a first-order cen
tral difference scheme. The result is a set of 
difference equations of the form 

where tjlnm represents the temperature, pres
sure, or radon concentration at the point 
(n,m), the coefficients Cnm' lnm> rnm• tnm' and 
bnm refer to the central, left, right, top, and 
bottom points, respectively, as viewed in the 
manner of Figure 1, and Snm is the inhomo
geneous part of the equation. These equa
tions, with appropriate boundary conditions, 
are solved using iterative techniques de
scribed by Patankar (1980), Loureiro (1987), 
and Loureiro et al. (1990). The value of the 
field at iteration i, tjJ0 m, is given by 

tjln% = tjln*~l + W [ t!Jnim - t!Jn~-1 (16) 

where tjJ~m is the solutions of Equation 15 at 
iteration i, tjJ*i~m is the solution of Equation 
16 at iteration i-1, and w is the relaxation 
coefficient. Satisfactory results may generally 
be obtained for w = 1.5, except where tem
perature and pressure equations must be 
coupled, in which case w must be taken less 
than 1 for numerical stability. All results ci
ted in this paper have been obtained with w 

= 1. 
Boundary values are introduced into 

Equation 15 in a straightforward manner; all 
have fixed values, except for the pressure at a 
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soil-gap interface, which requires special 
treannent. (The temperature and radon con
centration at a soil-gap interface are treated 
conventionally. See Figure 2 and the discus
sions fqllowing Equations 1and12.) Let Pnm 
be the pressure at an interface node. Initially, 
we set .6.Pb to the representative winter value 
of -5 Pa and .6.Pg to zero; Pnm is found from 
the discrete form of Equation 4. After the 
first iteration, the pressure immediately out
side the opening is known, and a relation
ship between this pressure, Pnm' and the aver
age air speed at the opening can be found 
from the discrete form of Equation 5. A sec
ond expression involving Pnm and the aver
age speed is Equation 9. From the two equa
tions, a new value of Pnm is determined and 
used as a boundary value during the next 
iteration. 

The temperature and pressure equations 
are solved simultaneously. The coefficients 
for each iteration of the temperature 
equation are calculated using velocities ob
tained from the previous iteration of the 
pressure equation. Similarly, the coefficients 
for each iteration of the pressure equation are 
calculated using temperatures obtained from 
the previous iteration of the temperature 
equation. The radon concentration equation 
is solved separately, its coefficients being cal
culated from velocities obtained from the 
final iteration of the pressure equation. 

Iterations are permitted to continue until 
the residuals fall below a fixed tolerance; for 
results cited in this paper, the tolerance is 10"6

• 

As a further check when a gap is present, the 
total rate of mass transport through the gap 
is compared to the transport rate across-the 
soil surface. For results cited in this paper, 
the relative difference is always less than 
0.1%. 

The final step in the procedure is the cal
culation of the soil-gas and radon entry rates, 
using the discrete forms of Equations 11 and 
14. 

Model Predidions 
In this section, we compare the predictions 
of two-dimensional cylindrical and three-di
mensional rectangular versions of the model, 
give a brief description of the nature and 
magnitude of the soil-gas flows and radon 
concentrations predicted by the model, and 
discuss the relationship between the radon 
entry rate, the indoor radon concentration, 
and the soil permeability for the configura
tion depicted in Figures 1 and 2. For a more 
complete discussion of the influence of soil 
permeability on radon entry, see Revzan, 
1990. The influence of structural factors and 
construction practices on radon entry is the 
subject of Revzan and Fisk, 1990. 

For the comparison of the two models, we 
assume that the configuration is that of Fig
ures 1 and 2 and that the soil is homogen
eous. In the simulations, the permeability 
varied from 10·12 to 10·10 m2• The basement 
cross-section for the three-dimensional 
model was square; in two sets of simulations, 
the length of a side was first taken equal to 
the cylinder diameter d and then equal to 
d/yL, the latter value giving a diagonal 
equal to d. The gap width was 0.003 m. The 
discrepancies in the predicted soil-gas flux 
(i.e., entry rate per unit length of gap) were 
- 8% for all configurations, with the three
dimensional model making the lower predic
tion. The discrepancies in the radon concen
tration at the soil-gap interface were less than 
1%, with the three-dimensional model pre
dicting the higher value, so that the discre
pancies in the predicted radon entry rate 
were on the order of 7%. Figure 3 shows the 
pressure immediately under the basement 
slab along the radius of the cylindrical 
cross-section and the half-diagonal of the 
square cross-section, both 5 m, for a base
ment pressure of -5 Pa. The slab-footer gap is 
0.15 m from the wall, as shown in Figure L 
Generally, the three-dimensional model pre- · 
diets a lower pressure gradient near the gap, 
and therefore a lower soil-gas entry rate than 
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Fig. 3 Pressure immediately under the basement slob 
for the 1wo-dimensionol cylindrical and three-dimen
sional rectangular models. The configuration is thot of 
Figures 1 and 2. The soil is homogeneous. The three-di
mensional model has a square horizontal cross-section 
whose diagonal is equal to the diameter of the cylindri
cal horizontal cross-section of the 1wo-dimensional 
model (10 m). The basement pressure is -5 Pa with re
spect to the atmosphere. The pressure drop across the 
slob-footer-wall gap is negligible, so that the pressure 
at the soil-gap interface, which is 4.85 m from the 
centre, is - -5 Pa as well . 

the cylindrical model. Since the perimeter of 
the square is less than that of the circle, the 
fluxes predicted by the two models are more 
nearly equal. Figure 3 does not illustrate the 
relatively high pressure gradient predicted 
by the three-dimensional model at the cor
ners of the footer; however, the high gra
dients in these small regions do not signific
antly increase the total entry rate of soil gas 
or radon. 

The nature of the soil gas flows predicted 
by the cylindrical model may be seen in Fig
ures 4-6, which show streamlines for the con
figuration of Figures I and 2. The soil tem
perature, where used, is determined by the 
model assuming an outside air temperature 
of 0 °C, a basement temperature of 15 °C, and 
a soil temperature at 10 m depth of 10 °C, 
which is the assumed annual mean, so that 
conditions are typical of winter in a cold cli
mate. Figure 4 illustrates the case of pure 
natural convection. Here 6Pb = 0, i.e., the 
basement is at atmospheric pressure, so that 
the flow is a circulation toward the warmer 
basement wall. Figure 5 illustrates the case of 
pressure-driven flow for isothermal soil for a 
basement pressure 5 Pa lower than atmo
spheric. All flow lines run from the surface 
to the 0.003 m wide slab-footer opening, 
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fig. 4 Vertical cross-section of a basement and the sur
rounding soil, with streamlines; lhe diredion of flow is 
dockwise. In this case there is no pressure difference 
between basement and outside, so that the flow is o cir
culation due to natural convection. The temperatures of 
the basement, the soil surface, and the lower soil boun
dary ore 15, 0, and 10 °C, respectively. 

" fig. 5 Vertical cross-section of a basement and the sur
rounding soil, with streamlines; the direction of flow is 
clockwise. In this case the flow is due entirely ta forced 
convection; the basement pressure is 5 Pa below that of 
the atmosphere. 

Fig. 6 Vertical cross-sedion of a basement and the sur
rounding soil, with streamlines; the direction of flow is 
clockwise. In this case both forced and natural convec
tion ore present. The basement pressure is 5 Po below 
that of the atmosphere. The temperatures of the bose
menf, the soil surface, and the lower soil boundary ore 
15, 0, and 10 °C, respectively. 
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which is the only gap in the basement shell. 
In Figure 6, the two cases are combined, so 
that both a circulation and a flow into the 
gap are present. 

Normalized radon entry rates for the con
figuration of Figures 1 and 2 are plotted 
against the permeability of the homogeneous 
soil in Figure 7. The solid line shows the 
predicted entry rates for the complete model, 
with conduction and advection of heat inclu
ded, i.e., with the temperature and pressure 
equations coupled. The basement, outside, 
and deep soil temperatures are 15, 0, and 
10 °C, respectively. The dashed line shows 
the predicted results for isothermal condi
tions. For the soil permeabilities of greatest 
practical interest (10·10 - 10·12 m2), the intro
duction of thermal effects increases the ra
don entry rate by 35-40%. The dotted line 
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Fig. 7 The predicted normalized radon entry rote into 
the slob-foote r gap of o basement, plotted against soil 
permeability, for the configuration of Figures 1 and 2. 
The basement is 5 Po below atmospheric pressure. The 
solid line shows the predicted roles when both thermal 
conduction ond convection ore included in the model. 
The basement, outside, and deep soil temperatures ore 
15, 0, ond 10 °C, respectively. The dashed line shows 
the predictions for isothermal conditions. The dotted 
line shows ihe predictions when thermal convection is 
neglected. 

shows the predicted entry rates when heat 
advection is neglected but conduction is in
cluded- Advection of heat begins co become 
significant, for a basement pressure of -5 Pa, 
ac a soil permeability of io·10 m2• Since the 
soil-gas speed is directly dependent on the 
pro.duct of j 8Pb I and k, heac advection may 
be neglected when tills product is less than 
-5x10·10 Pa m2• 

The indoor radon concentration corre
sponding co a particular normalized enay 
rate depends on the radon concenrration in 
J,:he soil, the volume of the building, and the 
air-exchange rates between basement and 
outside, basement and living area, and living. 
area and outside. A complete treatment of 
this subject is outside the scope of this paper, 
but in a simplified model in which the house 
is considered a single zone whose air is fully 
mixed, the indoor radon concentration, C, is 
given by 

(17) 

where V and A. are, respectively, the volume 
and the exchange rate of the house. For a 
house of volume 500 m3 and air-exchange 
rate of 0.5 b·1, whose surrounding soil bas a 
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must be multiplied by - Sx105 to obtain the 
indoor radon concentration in Bq m·3• For a 
homogeneous soil of permeability 10-11 m2, 

the predicted indoor concentration is -10 
Bq m·3• When a layer of high-permeability 
gravel is present under the basement slab, 
the predicted indoor concentration is a factor 
of S higher (Revzan and Fisk, 1990). 

The relation between the radon and soil
gas entry rates at any narrow opening may be 
approximated by 

(18) 

where C avg is the average soil-gas radon con
centration at the opening. By Darcy's law, Es 
is linearly dependent on soil permeability. 
Figure 7 shows, in contrast, that the relation 
between Er and k is not linear, particularly at 
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high k. The departure from linearity is ac
counted for by the diminution in the radon 
concentration of the soil gas that enters the 
slab-footer gap as the soil permeability and 
soil-gas velocity increase. Figure 8 illustrates 
this point by showing the average norma
lized radon concentration at the slab-footer 
gap, plotted against the soil permeability, for 
the configuration of Figures 1 and 2. 

Fig. 8 The predicted average normalized radon con
centration in the slab-footer gap of a basement, plotted 
against soil permeability, for the configuration of Fig
ures 1 and 2. The basement is 5 Po below atmospheric 
pressure. The solid line shows the predicted concentra
tions when both thermal conduction and convection are 
included in the model. The basement, aulside, and 
deep sail temperatures are 15, 0, and 10 °C, respective
ly. The dashed line shows the predictions far isothermal 
conditions. The dotted line shows the predictions when 
thermal convection is neglected . 
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Model Verification 
There are few data available to compare with 
the predictions of the model. However, a 
srudy of several houses in the Spokane River 
Valley of Washington and Idaho (Turk, et al., 
1987) provides some information on permea
bilities and entry rates for 14 houses, of 
which 6 had full concrete basements and one 
a basement and a small adjoining crawlspace. 
Since the results of permeability measure
ments are not precise, and since detailed in
formation on· the substrucrures and underly
ing soil are unavailable, we shall not discuss 
the houses individually, but rather compare 
the. range of calculated entry rates with the 
predictions. The permeability of the soil un
derlying the entire area of the srudy appears 
to be on the order of 2 x 10·10 m2• The norma
lized radon entry rates are calculated from 
the data provided by Turk from the equation 

E = CVA 
r Coo (19) 

where C is the time-averaged indoor radon 
concentration in the living area, measured in 
the winter, A is the time-averaged measured 
air-exchange rate, and C .. is based on analy
sis of soil samples taken far from the houses. 
For the seven houses which can be modelled 
reasonably well, the values of E, calculated 
from measured data range from 5.5x10·4 to 
3.2xl0·3 m3 s·1; the mean and standard devia
tion are l.7x10·3 and l.lxl0·3 m3 s·1, respective
ly. For a soil permeability of 2x10·10 m2

, no 
subslab gravel layer (no layer having been 
reported), and a slab-footer gap width of 
0.003 m, the model predicts an entry rate of 
3.8xl0-4 m3 s·1 when the basement-outside 
pressure difference is a nominal winter value 
of -5 Pa (Revzan, et al., 1988; Revzan, 1989) 
and the basement, soil surface, and lower soil 
boundary temperarures are 15, 0, and 10 °C, 
respectively. 

The predicted entry rate is 22% of the cal
culated mean; the discrepancy may be ac
counted for by inadequacies in the measure-

ment of permeability. Some soils exhibit ani
sotropy in permeability (Nazaroff, 1988a), the 
permeability for airflow parallel to the soil 
surface being greater than that for flow per
pendicular to the surface. It is unclear whe
ther the measured permeability represents 
the permeability in one of the two directions 
or an average of the two. Furthermore, since 
the permeability measurements were made 
during the rainy season, it is possible that 
the average winter permeabilities exceed the 
measured value; permeability measured in 
water-saturated soil can easily be 0.3 of the 
dry value or even less (Nazaroff, 1988a). Per
haps more significantly, the errors in the 
measurements of soil permeability may be 
high. The assumption of a soil permeability 
of l.4xI0·9 m2, a factor of 7 greater than the 
measured value, leads to a predicted entry 
rate approximately equal to the mean of the 
values determined from the data. 

On the other hand, the discrepancy will be 
larger if the average I LiPb I is smaller than 
5 Pa, if the basement-outside temperature 
difference is smaller than 15 °C, if the gap 
width is less than 0.003 m, if the soil block 
from which each house may draw radon is 
smaller than we have estimated or if the en
try rates have been underestimated. The en
try rates were calculated from radon concen
trations measured in the living areas on the 
assumption that forced-air furnaces (present 
in 5 of the 7 houses) assured good mixing of 
air in most of the houses. If basement radon 
levels were significantly higher than those 
upstairs, then the entry rates calculated from 
Equation 19, with C equal to the basement 
concentration, would be higher than the sta
ted values. 

The highest and lowest entry rates deter
mined from measurements differ by a facror 
of 6. Since the regression of the entry rate on 
the permeability has an R2 of0.01, the dispar· 
ity cannot be accounted for by differences in 
soil permeabilities, and we must infer thal 
there are differences in structures, sites, and 
soils which have not been taken into II:.-
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[count. A peripheral opening in the basement 
shell is a nonnal consequence of building 
practices. Additional openings may exist as 
the result of penetrations for utilities or of 
cracking of the concrete. However, an exami
nation of the predictions of the model shows 
that the addition of openings serves primar
ily to redistribute the flow of soil gas while 
increasing the overall entry rate by a factor of 
1.5 at most (Revzan and Fisk, 1990). Radon 
may also enter through permeable block 
walls (Garbesi and Sextro, 1990). 

Although it is not usual for gravel to be 
placed under a slab when the soil itself is 
well drained (i.e., highly permeable), it may 
be that a gap between slab and soil or distur
bance of the soil during construction creates 
a high-permeability region under the slab. 
The assumption of a soil permeability of 
2x10·10 m2 everywhere except for a region of 
permeability 10-9 and thickness 0.15 m under 
the slab leads to a predicted entry rate of 
9.0xI0-4 m3 s-1

, which is 53% of the mean of 
the entry rates calculated from the data. The 
entry rate remains high (5.8xI0·4 m3 s·1) even 
when the thickness is as low as 0.01 m. As 
the permeability of the 0.01 m layer approa
ches infinity, so that there is a gap between 
the concrete slab and the soil (not to be con
fused with the slab-footer gap), the entry rate 
approaches l.3x10·3 m3 s-1

, which is 76% of the 
mean. If the thickness is reduced to that of 
the slab-footer gap itself, i.e., 0.003 m, the 
entry rate is l.2x10·3 m3 s·1

• 

In sum, the radon entry rate through a 
slab-footer gap predicted by the model, as
suming a homogeneous and isotropic soil, is 
considerably lower than the total entry rate 
inferred from measured data. The discre
pancy may be accounted for by failure to 
take into account permeability anisotropy, 
underestimation of the permeability of the 
regions immediately adjacent to openings in 
the building shell, and by the possible pres
ence of permeable walls and additional open
ings in the building shell. 
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Summary and Conclusions 
We have modified the three-dimensional 
steady-state model of Loureiro et al. (1990) to 
simulate pressure and radon concentration 
fields in the vicinity of a cylindrically-sym
metrical representation of a basement. The 
boundaries of the simulation space are the 
outside of the basement wall, slab, and footer, 
the mouth of the slab-footer gap, and the 
outer limits of the soil block associated with 
the basement. The basement may be warmer 
than the soil and the outside; natural convec
tion (buoyancy) of soil gas resulting from 
this condition is included in the model, and 
has been shown to increase radon entry by 
approximately 40%. Three important sub
jects have not been examined. First, the ef
fects of temporal variations in barometric 
pressure, which may be far greater in ampli
tude than the steady-state basement-outside 
pressure differences, have been neglected. A 
time-dependent model is being developed to 
determine whether these effects, which may 
be significant when the soil permeability is 
low, are an important factor in radon entry. 
Second, we have neglected soil moisture, 
which affects both soil permeability and 
soil-gas radon concentration. Moisture is cer
tainly an important factor in the production 
and transport of radon in soil, and the exten
sion of the model to deal with its influence, 
even in an unsophisticated manner, is clearly 
necessary. Third, permeability anisotropy 
has been neglected. The model is being mod
ified to permit the penneability to be treated 
as a tensor, rather than as a scalar. 

In a comparison of radon entry rates pre
dicted by the model with those determined 
from a study of the Spokane, WA region, we 
have chosen values of the basement pressure 
and temperature that are typical of winter in 
cold regions and soil permeabilities that are 
close to those measured. If the soil is as
sumed to be homogeneous and isotropic, 
with permeability equal to the mean of the 
measured values, the predicted radon entry 
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rate is 22% of the mean of the observations. 
The observed radon entry rates may then be 
accounted for by assuming that a narrow gap 
exists between the basement slab and the 
soil, by assuming that there are gaps in the 
basement shell in addition to the slab-footer 
gap, and by taking the soil permeability to be 
somewhat higher than the measured value, 
which is highly uncertain. Further verifica
tion of the model requires a more completely 
characterized site and the maintenance of 
steady-state conditions; work on an experi
mental structure that meets these conditions 
is now proceeding (Fisk et al., 1989). 
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